The effects of the surface functional groups on the electrochemical properties and electrochemical energy storage were systematically studied by employing the as-received multi-walled carbon nanotubes (MWNTs) and two other MWNTs modified with ether and carboxylic acid functionalities (-C-O-C and -COOH), and ester functional groups (-COOR). The structure and morphology of the films prepared by electropolymerizing aniline onto MWNTs-coated carbon paper substrate were characterized by scanning electron microscopy and Fourier transform infrared spectroscopy. The band gaps obtained from ultraviolet-visible spectroscopy suggested slight difference in the structure of the nanocomposite films induced by the functional groups in the MWNTs. Electrochemical measurements revealed that all the nanocomposite films with MWNTs exhibited an enhanced capacitance compared to the film grown onto pure carbon paper. An energy density as high as 30 μWh/cm 2 corresponding to a power density of around 8 mW/cm 2 was obtained even at a high current density of 20 mA/cm 2 for the nanocomposite films. An equivalent circuit consisting of a combined resistance and a capacitor is well fitted with the electrochemical impedence spectroscopy data. Stability study showed that the nanocomposite films retained around 80% of the discharge capacity even after 1000 charge-discharge cycles, rendering these films promising for supercapacitor applications. Due to the growing concerns over the fossil fuel usage, in terms of energy depletion and dramatic climate changes caused by massive carbon dioxide emissions, the development of sustainable and renewable energy storage resources with both high power density and large energy density has become an imperative demand.
Due to the growing concerns over the fossil fuel usage, in terms of energy depletion and dramatic climate changes caused by massive carbon dioxide emissions, the development of sustainable and renewable energy storage resources with both high power density and large energy density has become an imperative demand. [1] [2] [3] Electrochemical capacitors (ECs) have attracted intense interest due to their potential for green transportation and large scale energy storage. Owing to their advantages of high energy density and power density as well as long cycle life, 4, 5 ECs have great potential for filling the gap between batteries and conventional electrostatic capacitors, and they have versatile applications for portable electronics, hybrid electric vehicles, and large industrial equipments. 6 Based on different charge storage mechanisms, two types of ECs have been proposed: electric double layer capacitors (EDLCs, or ultracapacitors) and pseudocapacitors (or supercapacitors). 7 For EDLCs, only ion adsorption/desorption takes place between the interfaces of electrodes and electrolyte without Faradic process. Carbon materials with large specific surface area (SSA) including activated carbons (ACs), 8 carbon nanotubes (CNTs), 9 ordered mesoporous carbons (OMCs), and grapheme nanosheets (GNS) are usually employed to achieve EDLCs. 10, 11 EDLCs are well known for their high power density (>10 KW/Kg) and long cycle life (>10 6 cycles). 12 However, the challenges are the low energy density (<5 Kh/kg) 6, 13 and much lower areal capacitance (capacitance per unit area) ranging from 10-40 μF cm −2 due to both low density and gravimetric capacitance (capacitance per unit mass).
14 For pseudocapacitors or supercapacitors based on Faradic processes, the energy storage is achieved by electron transfer that follows reduction-oxidation (redox) reactions in the material. Transition metal oxides such as MnO 2 , 15 RuO 2 , 16 MoO 3 , 17 Co 3 O 4 18 and VO x 19 and electrically conducting polymers such as polythiophenes (PThs), 20, 21 poly(pyrrole), 22, 23 poly(DNTD), 24, 25 and poly(aniline) (PANI) have been been utilized for designing ECs. However, the problem regarding transition metal oxides is the low power density originating from their relatively high electrical resistance. On the contrast, conducting polymers exhibit relatively high conductivity and low cost compared to the carbon-based electrode materials. More importantly, conducting polymers possess much higher gravimetric capacitance via pseudocapacitive redox reactions, making them feasible to increase the areal capacitance while keeping similar or even thinner films as those of the conventional carbon-based materials. Unfortunately, mechanical degradation of the electrode and fading electrochemical performance caused by the swelling and shrinking during the cycling redox reactions of conducting polymers limit their applications as electrochemical capacitors. 26 For applications including small scale electronics and stationary energy storage devices where areal capacitance is a better indicator of the performance of supercapacitors than gravimetric capacitance, although the latter has always been used in the literature for comparison of the supercapacitor performance. 27, 28 A strategy to combine faradaic pesudocapacitive conducting polymers and EDLs systems has been developed to obtain electrochemical capacitors with desirable properties. 29 Among various conducting polymers, PANI has received special attention because of its intriguing properties such as facile polymerization in aqueous media [30] [31] [32] [33] or non-aqueous media, 34 good stability in air, low cost, and high conductivity. In the previous study, PANI nanocomposite films incorporated with tungsten oxide or graphite oxide have been electropolymerized onto indium tin oxide (ITO) coated glass slides to study the energy storage and electrochromic properties. 35, 36 Although the stability of the films is enhanced, there are still challenges remaining, for example, a decreased areal capacitance resulting from the reduced amounts of aniline monomers electropolymerized, which is caused by the increased resistance brought by the tungsten oxide or graphite oxide coatings onto ITO.
Carbon nanotubes are considered as potentially revolutionary nanomaterials for electronic and energy storage devices due to their highly accessible surface area, nano-scale structure and good electrical conductivity. 37 Significant progress has been made in designing and preparing PANI/CNTs composites or thin films by in situ electropolymerization or chemical oxidative polymerization approaches for supercapacitor applications. 38, 39 The excellent conducting properties of CNTs and their available mesoporosity are found to allow good charge propagation in the composites and therefore improve their capacitive performances. 40 Although many efforts have been put into the study of electrochemical properties using different types G3039 of electrolyte or cell configuration (two-electrode or three-electrode method), the effects of different functionalities in the CNTs on the capacitive performances of the composites have not been reported.
In this work, freestanding PANI nanocomposite thin films grown onto MWNTs-coated carbon paper substrate were fabricated via electropolymerization technique from aqueous solutions and used directly both as the electrode and current collector. Three kinds of MWNTs, i.e., as-received and two modified including one with ether and carboxylic acid functionalities (-C-O-C and -COOH) and the other one with ester functional groups (-COOR), respectively, were employed to investigate on how the functional groups would affect the capacitive performances of the electrodes. The structure and morphology of the nanocomposite thin films were characterized by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). The electrochemical performances of the nanocomposite films were investigated by cyclic voltammetry (CV), galvanostatic chargedischarge measurement, and electrochemical impedance spectroscopy (EIS) techniques. The effect of different substrates on the electrochemical performances of the thin films was studied. An equivalent circuit of the nanocomposite thin films was also proposed to fit the EIS data for a fundamental understanding of the capacitive behavior.
Experimental
Materials.-Aniline (C 6 H 7 N) and sulfuric acid (H 2 SO 4 , 95.0%-98.0%) was purchased from Sigma Aldrich. The carbon paper was provided by ElectroChem, Inc. MWNTs (SWeNT SMW 200X, average diameter: 10.4 nm; average length: 4.3 μm) were provided by SouthWest NanoTechnologies, Inc. The Modified MWNTs with different functionalities were prepared according to the method reported previously. 41 All the chemicals were used as received without any further treatment.
Preparation of CNTs/PANI nanocomposite thin film electrodes.-
The freestanding MWNTs/PANI nanocomposite thin films were prepared via the electropolymerization of aniline monomers onto pure or modified MWNTs-coated carbon paper (CP). Three types of MWNTs, i.e., the as-received and two other modified including one with ether and carboxylic acid functionalities and the other one with ester functional groups, respectively, were dispersed in ethanol solvent and drop casted onto CP substrate and dried overnight in a fume hood before the elecctropolymerization. The four corresponding nanocomposite thin films obtained were denoted as PANI-CP, PANI-AS, PANI-EC, and PANI-E, respectively. The electropolymerization of aniline monomers was performed on an electrochemical working station VersaSTAT 4 potentiostat (Princeton Applied Research) in air. A typical electrochemical cell consisting of a reference electrode, a working electrode, and a counter electrode was employed. A saturated calomel electrode (SCE) electrode served as the reference electrode and a platinum (Pt) wire as the counter electrode. The CP substrate with an effective geometric area of about 3.5 cm 2 served as the working electrode. A typical electrochemical polymerization was performed 15 cycles scanned back and forth from 0 to +1.0 V vs. SCE at a scan rate of 50 mV/s in 1.0 M H 2 SO 4 aqueous solution containing 0.1 M aniline monomers. The freestanding nanocomposite thin films obtained were used directly as the supercapacitor electrodes and current collectors.
Characterizations.-The morphology of the nanocomposite films was observed by a JSM-6700F system with a JEOL field emission scanning electron microscope (SEM). FT-IR spectrometer coupled with an ATR accessory (Bruker Inc. Vector 22) was used to characterize the surface functionality of the nanocomposites in the range of 500 to 4000 cm −1 at a resolution of 4 cm −1 . The optical properties were characterized using ultraviolet-visible diffuse reflectance spectroscopy techniques (Jasco V-670 spectrophotometer).
The electrochemical properties including CV, galvanostatic charge-discharge measurements, and electrochemical impedance spectroscopy (EIS) techniques were evaluated using a three electrode configuration. The CV was scanned from −0.2 to 0.8 V vs. SCE at a series of scan rates in 1.0 M H 2 SO 4 aqueous solution. EIS was carried out in the frequency range of 100, 000 to 0.01 Hz at a 5 mV amplitude referring to the open circuit potential. The stability of the composites was also assessed using charge-discharge measurements at a current density of 50 mA/cm 2 . All the characterizations were carried out at room temperature in air.
Results and Discussion
Electropolymerization of PANI on MWNTs modified carbon paper substrate characterizations.- Figure 1a -1d shows the growth of the PANI films onto different substrates by sweeping the potential from 0 to +1.0 V at a scan rate of 50 mV s −1 in an aqueous solution containing 0.1 M aniline and 1.0 M H 2 SO 4 . The aniline monomers can be readily electropolymerized onto the substrate with an observed increased current when the potential was increases to around +0.8 V.
The increase current is due to the oxidation of aniline monomers and the initiation of the electropolymerization of PANI in the first cycle, 42 and the film growth can be confirmed by the current increase with increasing the CV cycles. The nanocomposite films exhibit similar CV patterns except of a significantly higher current densities for the MWNTs modified CP substrates upon closer observation, the inset of the first CV cycle in Figure 1a & 1c. This phenomenon might arise from two facts. On one hand, the monomer concentrations on the electrode/electrolyte interfacial could be enhanced greatly by the hydrogen bonding between the defects containing oxygen functional groups 41 or the -C-O-C, -COOH and -COOR groups on the MWNTs and the aniline monomers, which would give rise to higher oxidation current density. On the other hand, the oxidation of the functional groups 43 overlapped with the oxidation of the monomers, and therefore yielding more remarkable oxidation current densities in the initial stage of the electropolymerization process. Apart from the significantly different current density in the 1 st CV cycle, difference in the potential of the cathodic peak in the negative scan is also observed. The reduction potential is found to be 0.403, 0.393, 0.383, and 0.389 V for the PANI-CP, PANI-AS, PANI-EC, and PANI-E, respectively. The functional groups which were oxidized in the positive scan might be responsible for the lowered potential required to reduce the electrode materials. The average surface coverage, * , of PANI polymers electrodeposited onto different substrates can be calculated according to Eq 1 and 2:
where * is the average surface coverage in mol/cm 2 , Q is the total Faradic charges consumed during the electropolymerization calculated from the 15 th CV cycle in C, n is the electron transfer number, 2.5, 45, 46 F is Faraday constant (96485 C/mol), and A is the electrode area in cm 2 , idV is the integrated area of the CV curve, and ν is the scan rate in V/s. The * values of the PANI-CP, PANI-AS, PANI-EC, and PANI-E nanocomposite thin films are estimated to be 0.39, 0.44, 0.35, and 0.46 μmol/cm 2 using Eq 1 and 2. The lowest * found for the PANI-EC is due to the preferred nucleation growth resulted from the strong interactions between the hydrogen bonding via the -COOH groups in the MWNTs and the aniline monomers, which might induce some agglomerations during the film electropolymerization process. 47 Structural and morphology characterization.- Figure 2 shows the morphology of the nanocomposite thin films. The nanocomposite thin films are observed to display different structure. For the PANI film grown onto carbon paper, the film shows an interesting flower-like growth pattern. As to the thin films grown onto MWNTs-coated carbon paper substrates, polymer nanoparticles can be observed besides the MWNTs embedded in the polymer matrix. PANI-EC thin film also exhibits some growth orientation, which further verifies the calculated lowest average surface coverage found in the film growth process. In the pure PANI thin film grown onto carbon paper, the strong signals at 1549 and 1463 cm −1 correspond to the characteristic C = C stretching mode of the quinoid and benzenoid rings, respectively, 48 suggesting an oxidation state of emeraldine salt state in the PANI polymer. 49 The peaks at 1100 and 857 cm −1 are assigned to the inplane and out-of-plane bending of the C-H. 50, 51 The peaks at 1291 and 1207 cm −1 are attributed to the C-N and C = N stretching mode. All these peaks can also be found in the MWNTs/PANI nanocomposite thin films. It is worth noting that a remarkable blueshift of the peaks was observed for the PANI-EC film. A broad spectra around 3307 cm −1 , which originates from the stretching vibrations of the -OH group, verifies the -COOH functionalities in the PANI-EC film. The interactions between -COOH functional groups and the polymer matrix are believed to account for the spectrum changes, which is in good agreement with the results reported before. Optical properties and bandgap calculation.-Band gap (E g ), which governs the intrinsic electronic, optical and magnetic properties of materials, is of prime importance for semiconducting polymers. 54 The bandgap of the materials can be obtained by electrochemical methods, denoted as (E g,EC ), and photoelectron spectroscopy (PES), both of which also provide detailed information concerning the position of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels with respect to the vacuum level. Ultraviolet-visible spectroscopy is also commonly used to obtain the optical bandgap, denoted as E opt g , owing to its convenience, although it does not give exact HOMO or LUMO values of the material. 55 E opt g of the nanocomposite thin films was measured from the diffuse reflectance absorption spectra of the films using Eq 3: [3] where E opt g is the optical bandgap in eV and λ edge is the absorption edge in nm. Figure 4 shows the diffuse reflectance absorption spectra of the thin films. The E opt g values of the PANI-CP, PANI-AS, PANI-EC, and PANI-E nanocomposite thin films are estimated to be 2.23, 2.31, 2.29, and 2.09 eV, respectively. The optical bandgap of PANI is usually dependent on its oxidation states, where the fully reduced and insulating form (leucoemeraldine base, LB) exhibits larger bandgap (higher than 3 eV) and the fully oxidized and semiconducting form (pernigraniline base, PNB) possess a lower bandgap (lower than 2 eV). 57 The band gaps of the nanocomposites are close to the reported value of 2.21 eV for the doped PANI in the emeraldine base (EB) form, 58 implying an oxidized state of the films. The difference in the bandgap of the nanocomposite thin films suggests a slight difference in the oxidation degree of the polymer matrix induced by the functional groups in the MWNTs. Interestingly, the first oxidation peaks of the nanocomposite thin films show a correlation with the bandgap, where the PANI-E and PANI-CP thin films with a lower E opt g exhibit a lower oxidation peak around 0.213 V and the PANI-EC and PANI-AS thin films exhibit a higher oxidation peak around 0.227 V in the positive sweeping. The thin films with a lower band gaps can be oxidized more easily requiring less energy when they are subjected to an external potential whereas it is more difficult for the films with high band gaps to be oxidized at higher voltage. Table I lists the specific areal capacitance of nanocomposite films calculated from the corresponding CV curves at different scan rates from −0.2 to 0.8 V in 1.0 M H 2 SO 4 aqueous solution using Eq 4:
63,64
where C s is the specific areal capacitance in F/cm 2 , idV is the integrated area of the CV curve, S is the surface area of the active materials in the single electrode in cm 2 , V is the scanned potential window in V, and ν is the scan rate in V/s. The capacitances are four orders of magnitude higher than the areal capacitances of carbonaceous materials (10-40 μF/cm 2 ) and significantly superior to those most reported directly-grown pseudocapacitive nanostructural films (0.1-125 mF/cm 2 ). 27 Among these nanocomposite thin films, PANI-AS possesses the highest areal capacitances followed by PANI-E and PANI-EC, and PANI-CP exhibits the lowest capacitances. At a scan rate of 10 mV/s, the areal capacitance of PANI-AS, PANI-E, PANI-EC and PANI-CP is 399.76, 333.97, 270.42, and 247.85 mF/cm 2 . The capacitance is increased by 61.3, 34.7, and 9.1% for PANI-AS, PANI-E, PANI-EC, respectively, when compared to that of PANI-CP. The synergistic effects between MWNTs and PANI are responsible for the enhancement of the capacitance.
The drop in the specific capacitance with increasing the scan rate is usually observed for the electrode materials owning to the slow ion diffusion and decreased utilization efficiency of the electrode materials with only relatively large pores penetrated into by ions at higher scan rates. [65] [66] [67] It is worth noting that the capacitance retention ratio 65 (the ratio of the capacitance obtained at 100 mV/s to the capacitance obtained at 5 mV/s) is 84.42, 71.34, 72.22 and 83.87% for the PANI-CP, PANI-AS, PANI-EC, and PANI-E nanocomposite films, respectively. This unusually high retention ratio is attributed to the large and accessible surface area of the nanocomposite thin films, whose exposed flat sheets facilitate the ion transport and enhance the transport rate in the material. 68 These values are much higher than those state-of-the-art carbonaceous materials and most pseudocapacitive nanostructure arrays. 27 Besides, the difference in the retention ratio among the nanocomposite films might lie in the morphology differences as confirmed by SEM images. 69 It's suggested the flower-like pattern in the PANI-CP film is more favorable for the ion transport than the nanoparticles in the PANI-AS film do. Galvanostatic charge-discharge measurement.-The galvanostatic charge-discharge measurement is a reliable way to obtain the electrochemical capacitance of the materials under controlled current conditions. Galvanostatic charge-discharge measurements at different current densities by chronopotentiometry (CP) were carried out on the nanocomposite thin films in 1.0 M H 2 SO 4 aqueous solution in a potential range from −0.2 to 0.8 V to evaluate the areal capacitances
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where C s is the areal capacitance in F/cm 2 , i is the discharge current in A, t is the discharge time in s, S is the surface area of the active materials in the single electrode in cm 2 , and V is the scanned potential window (excluding IR drop in the beginning of the discharge process) in V. Figure 6 shows the potential responses of the nanocomposite thin films at a current density of 15 mA/cm 2 . The energy density, E, and the power density, P, were calculated from Eq 6 and 7:
[6]
where E is the areal energy density in Wh/cm 2 , P is the areal power density in W/cm 2 . C s is the areal capacitance in F/cm 2 , V is the scanned potential window (excluding IR drop in the beginning of the discharge) in V, t is the discharge time in s. The coulombic efficiency, η, can be calculated according to Eq 8:
where t D and t C are discharging and charging time, respectively. The capacitances, energy densities, power densities, and coulombic efficiencies at a current density of 20, 15 and 10 mA/cm 2 are presented in Table II . Consistent with the CV results, PANI-AS is found to have the highest areal capacitances and energy densities followed by PANI-E, PANI-EC, and PANI-CP. The capacitance values obtained are very close to those obtained from CV results. Even at a high current density of 20 mA/cm 2 , the energy density can reach as high as more than 30 μWh/cm 2 at a power density of around 8 mW/cm 2 , compared to ∼2.52 μWh/cm 2 at a power density of 0.01 mW/cm 2 for the graphite oxide/PANI nanocomposite thin films in the previous study. 36 The coulombic efficiencies of the nanocompoiste thin films are also very high, reaching 99.0% at a current density of 20 mA/cm 2 , indicating the nanocomposite thin films suitable for supercapacitors applications. 
Electrochemical impedance spectroscopy (EIS)
-To obtain a further fundamental understanding of the properties of the electrode materials, EIS was employed and the corresponding complex plane plots are shown in Figure 7 . The excellent capacitance performance can be clearly observed with the nanocomposite thin films approaching an almost vertical line. No resistor-capacitor (RC) loops or semicircles appear in the high frequency region, indicating a negligible charge resistance. 71 The Warburg resistance (diffusion impedance), that is, the 45
• portion of the Nyquist plots (left part of Figure 7 ) in the middle frequency region, is negligible for the thin films, suggesting a short ion diffusion path and low ion diffusion resistance, thus a better charge propagation and ion response time. 72 The phase angle of the thin films is close to −90
• in the low frequency region, implying an ideal capacitor functionality. 63 The characteristic frequency f o for a phase angle of −45
• marks the point, at which the resistive and capacitive impedances are equal. 73 Table III lists f o and the corresponding time constant τ o ( = 1/ f o ) of the thin films. As seen from the Table, the τ o of PANI-CP and PANI-AS is about the same, 4.0 s, while shorter τ o is found to be 2.5 and 2.0 s for PANI-EC, and PANI-E. The rapid frequency response can be accounted for the large and accessible surface area, whose exposed flat sheets enhance the ion transport rate in the material. The equivalent series resistance (ESR, R e ), which mainly arises from the electrolyte, intrinsic resistance of the active material and contact resistance at the active material/current collector interface, is 2.833, 2.655, 2.542, and 1.832 for the PANI-CP, PANI-AS, PANI-EC, and PANI-E thin film, respectively. Heteroatoms and functional groups are reported to be capable of improving the electrochemical performances by increasing the wettability or decreasing the resistivity of the electrodes. 74, 75 Therefore, The reduced ESR is inferred to be brought by the defects in the as-received MWNTs or the -C-O-C, -COOH, and -COOR functional groups in the modified MWNTs, which are expected to decrease the surface resistivity of the electrode. 76 Equivalent circuit consisting of a combined resistance R e and a capacitance C from the PANI film is proposed and the fitting paprameters are listed in Table IV .
Stability of the nanocomposite thin films.-The instability of the capacitors based on conductive polymer films (especially for PANI) during long term charge/discharge cycling is one of the biggest concerns. Therefore, the stability of the nanocomposite thin films is investigated. Figure 8 depicts the capacitance retention of the nanocomposite thin films at a current density of 50 mA/cm 2 during 1000 cycles. It can be observed that the PANI-CP retains 85% of capacitance after 1000 cycles while the values for the nanocomposite thin films grown onto as-received or modified MWNTs are slightly lower than 80%. It's inferred that more complete redox reactions in the MWNTs/PANI nanocomposite thin films may result in a more severe expanding and shrinking of the PANI matrix, thus giving rise to more obvious degradation of the electrode material. 
Conclusions
Free-standing polyaniline (PANI) nanocomposite thin films from as-received MWNTs or modified MWNTs with C-O-C-and -COOH or -COOR functionalities have been prepared via electropolymerization approach. The free-standing nanocomposite thin films were used as supercapacitor electrodes and the electrochemical performances were evaluated. The nanocomposite thin films from the MWNTs exhibit enhanced capacitances and energy densities due to the interactions between the defects or -COOH and C-O-C-or -COOR functionalities in the MWNTs and PANI matrix. Equivalent circuit consisting of a combined resistance and a capacitor is successfully fitted with the EIS data. High capacitance retention (around 80%) after 1000 charge/discharge recycles is also obtained for the films. The facile preparation and excellent capacitive properties making these nanocomposite thin films from MWNTs and PANI highly promising as supercapacitors materials in the future.
